Electrodes with dimensions in the micro-and nano-meter scale can be used as analytical probes in confi ned places such as cells and organelles. Arrays of microelectrodes, particularly disk-shaped electrodes, are now a platform to fabricate electrochemical sensors and multisensors. A useful characteristic of such arrays is that enhancement of the current signal is due to the fact that radial diffusion becomes important as the disk radius gets smaller and steady state currents are attainable in a relatively short time. Because there is no general analytical solution for the current response at MEAs, previous characterization of any micro electrode array at hand is still required. This paper discusses the electrochemical characterization of the mass transport of a reversible electrochemical probe at a commercially available micro-disk electrode array by two commonly used tools for electro analysis, namely: cyclic voltammetry and chronoamperometry. The questions to be addressed are whether clear radial diffusion control can be effectively achieved and the time required for the electrode system to reach steady state. For chronoamperometric experiments, the current response almost achieves steady state in the time range between 0.49 s and 1 s. This is precisely the time bracket in which analytical measurements should be made in order to achieve high sensitivity.
The electrochemistry laboratory at Universidad del Valle is interested in the application of platform technologies for the design and fabrication of electrochemical and optoelectrochemical biosensors. To this end, arrays of microelectrodes are of interest [3] because of the much larger current signals attainable with these arrays compared to those with single electrodes [4, 5] and because these arrays can be incorporated within analytical microsystems (biochips) [6] . The electrodes in the array are fabricated in a variety of configurations and shapes [7] among which, disk-shaped electrodes are perhaps the most commonly used. Geometric factors such as size, shape and position of the individual metal disk electrodes (inlaid, protruding, recessed) with respect to the insulating substrate as well as the time dependent evolution of the individual disk diffusion layer thickness with respect to the electrode-to-electrode separation affect the current response of the micro electrode arrays, MEAs [8, 9] .
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At the micro-disk electrode, enhancement of the current signal results from the fact that radial diffusion becomes important as the disk radius gets smaller and one hopes to achieve and maintain steady state currents in a relatively short experimental time. This results in a larger sensitivity and a faster response time of the micro-disk sensor not to mention that steady state conditions make the math used for quantification simpler. In MEAs, steady state currents may be achieved in the time bracket at which the radial diffusion layers about the individual microelectrodes do not overlap and there is a current interest in optimization of electrochemical response of MEAs through selection of disk diameters and electrode separation [10, 11] . In practice, as there is no general analytical solution for the current response at MEAs, previous characterization of the MEA at hand is still required in order to use it for analytical purposes.
Here, I discuss the electrochemical characterization of the mass transport of a reversible electrochemical probe, ferrocenecarboxylic acid, at a commercially available micro-disk electrode array by two commonly used tools for electronalysis, namely, cyclic voltammetry and chronoamperometry. The questions to be addressed are whether clear radial diffusion control can be effectively achieved and the time required by the electrode system to reach steady state.
Experimental

Materials and reagents
Ferrocenecarboxylic acid (FcCO 2 H, CAS # 1271-42-7), from Sigma Aldrich, was used as received except for a control experiment in which this compound was purified over alumina and recrystallized from methanol.
Electrodes, Electrochemical Cell and Instrumentation
Electrochemical experiments were carried out with a BAS 100BW electrochemical workstation in a three-electrode cell under an Ar blanket. A platinum mesh (2 cm 2 ) was used as the auxiliary electrode. Gold micro-disk electrode arrays (MEA250Au) and micro Ag/AgCl electrodes, both from Abtech Scientific (Richmond, VA), were used as working and reference electrodes, respectively. The working electrodes were hexagonal arrays of 207 recessed micro-disks, fabricated by photolithographic techniques, each with a 0.1 cm 2 collective electrode area. Each micro-disk resides at the bottom of a cylindrical cavity etched through the Si 3 N 4 passivation layer. The diameter of each disk, the center-to-center separation, and the recessed depth are therefore 250, 500, and 0.5 , respectively.
MEA Cleaning and Polishing
Electrode arrays were first cleaned by sequentially dipping in hot trichloroethane, isopropanol, acetone, aqueous hydrogen peroxide/ammonia (4:1:1) and then washed profusely with deionized water as described elsewhere [12] . The electrochemical polishing procedure consisted of a series of potential cycles between 0 and 1.5 V vs. Ag/AgCl (at 100 mV/s) in a 0.1 M KH 2 PO 4 solution (pH 4.2).
Electrode Characterization and Calibration Curves
MEA electrodes were characterized by cyclic voltammetry, chronoamperometry, and differential pulse voltammetry in aqueous solutions containing 1.0 mM FcCO 2 H in 0.1 M phosphate buffer at pH 7.2 at room temperature.
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Results and discussion
Electrode array area
The surface of gold electrodes develops an AuO monolayer when the electrode is oxidized at potentials > 0.9 V in aqueous media [13] . The electrochemically active area of the gold micro-electrode array was estimated by continuously sweeping the potential of the electrode between 0 and 1.5 V in 0.1 M phosphate buffer pH 4.0 until the voltammogram became stable and then integrating the sharp cathodic peak at ca. 0.62 V, which corresponds to the reduction of gold oxide ( Figure 2 ). As the reduction of one monolayer of AuO to Au(111) is known to yield 0.482 mC/cm 2 [14] , the estimated area of the Au array is 0.089 cm 2 , closer to but lower than the nominal area of 0.1 cm 2 , presumably indicating that not all of the disk array area is available for electrochemistry.
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Mass transport to the electrode array
At regular, recessed disk arrays, voltammetry and chrono-amperometry experiments are characterized by the developing of diffusion regions first within the individual electrode cavities and then outside the external insulating surface of the array. For electrode arrays with disk diameters in the micro-and submicrometer range and sufficiently large electrode separation, the voltammetric/chronoamperometric currents become controlled by radial mass transport as the diffusion region outgrows the disk diameter providing the experiment time scale is not too long as to prevent merging of the individual electrode diffusion zones [15, 16] .
In our experiments, the Au electrode array is a hexagonal array of 207 recessed disks characterized by individual disk diameter and center-to-center electrode separation = 250 and 500 µm, respectively (confirmed by Electron Scanning Microscopy), and recess depth = 0.5 µm. Thus, the recess-to-disk diameter ratio is only 0.002 and the voltammetric and transient currents at our recess electrode are expected to be very close to those at inlaid disk electrodes of the same area. The length of the diffusion layer, δ, is equivalent to the root mean square displacement, , of a diffusing particle, which is calculated by the Einstein's equation:
Where t is the time of displacement and D is the diffusion coefficient of the traveling particle. For ferrocenecarboxylic acid, D = 5x10 -6 cm 2 /s at 20 o C, thus, the diffusion layer will reach the mouth of the recess in 0.3 ms and δ becomes comparable to the diameter of a single disk in ca. 63 s. This is also the time at which adjacent diffusion layers overlap because the closest electrode edge-to-edge distance is the same as the disk diameter. The issues to be addressed by experiment are the time regimes in which radial diffusion predominates over semi-infinite linear diffusion and how long does it take for the system to reach steady state.
Voltammograms recorded at scan rates higher than ca. 50 mV/s are peak shaped, characteristic of mass transport controlled by semi-infinite linear diffusion. As the scan rate decreases, the peaks become less prominent and the voltammograms show a sigmoidal shape with some hysteresis, indicating partial contribution of radial diffusion to the current. For a single macro disk electrode, a plot of peak currents as a function of the square root of scan rate should be linear following the Randless Sevcik equation. This is not the case for the MEA in this series of experiments as shown in Figure 3 B, where white and black squares represent cathode and anodic peak currents, respectively. In this Figure, current peaks are linearly dependent on the square root of the scan rate in the range between 2 and 100 mV/s. As the scan rate increases beyond 100 mV/s, the slope is lower and the data scatter is higher presumably because of charging current and IR drop effects. /s at room temperature [17] . It is clear that the experimental peak currents become higher than the Randles-Sevcik currents at scan rates below 60 mV/s. In summary, these observations indicate a gradual increase in the importance of radial diffusion at low scan rates. They also suggest that IR drops become important at high scan rates making the current peaks smaller than expected by simple linear diffusion standards and the apparent advantage of the micro-disk array is only observed in a limited range of scan rates. An almost true steady state mass flux (of the redox species to and from the electrode array) is achieved in the lowest scan rate zone (2 mV/s). Steady state currents can also be achieved with macro-disk electrodes at very low scan rates.
Because the pKa value for the oxidized FcCO 2 H is in the range 6.1-6.3, in mixed aqueous solvents, [18] and that of the oxidized acid is ca. 3.4 [19] , this redox couple is better represented by (FcCO 2 -)/(Fc + CO 2 -) at the pH of the experiment. where N =190 (the number of electrodes with a collective area of 0.089 cm 2 ). This equation [20, 21] , which predicts attainment of steady state, contains a dimensionless parameter, , which represents the squared ratio of the diffusion length to the disk radius:
and an empirical function f(t). Here we use the solution to f(t) proposed by Shoup and Szabo [22] ). Although it is strictly for inlaid electrodes, equation (2) still predicts, with a very high accuracy, the maximum response attainable at very shallow disks when the recess height/disk diameter is very small [16] . In this case, recess height/ disk diameter < 0.1). In Figure 5 , the transformed data shows an initial spike that reflects electrode double layer charging. As the experiment proceeds, the data becomes noisy presumably because of convection of the analytical solution.
Conclusions
The cyclic voltammetric response of ferrocenecarboxylic acid, at a commercially available micro-disk electrode array (hexagonal array of 207 microdisks, total area = 0.089 cm 2 ), shows an enhanced current signal in the slow scan rate regime (below 60 mV/s). At higher scan rates, the results suggest that IR drops decrease the current response of the electrode array. In chronoamperometric experiments, the current response almost achieves a steady state condition in the time range between 0.49 s and 1 s. This is precisely the time bracket in which analytical measurements should be made in order to achieve high sensitivity.
